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This present work reports the development and evaluation of a method for the direct determination
of manganese in waters extracted during petroleum exploitation by Electrothermal Atomic Absorption
Spectrometry (ET AAS) using Ir–W as permanent modiﬁer. These waters, usually called produced waters,
contain a wide range of organic and inorganic substances and are characterized by their high salin-
ity. In order to achieve suitable experimental conditions for the method application, studies about the
effect of operational variables (chemical modiﬁer, pyrolysis and atomization temperatures) were per-
formed, as well as the establishment of convenient calibration strategy. The best results were veriﬁed
when the temperatures of pyrolysis and atomization were 1000 ◦C and 2300 ◦C, respectively, and usinglectrothermal Atomic Absorption
pectrometry
r–W permanent modiﬁer
Ir–W as permanent modiﬁer. The results showed that manganese can be determined by the standard
addition method or employing external calibration with standard solutions prepared in the same salin-
ity of the samples (with NaCl). Three real samples with salinities varying between 74 and 84‰ were
successfully analyzed by the developed procedure. The limits of detection and quantiﬁcation were 0.24
and 0.80g L−1, respectively, in puriﬁed water, and 0.34 and 1.1g L−1, respectively, in 0.4mol L−1 NaCl
medium (approximately 23‰ salinity).. Introduction
The exploration of petroleum remains as one of themost impor-
ant activities in the modern society because the large use of
etroleum-derived products in different ﬁelds. In order to supply
he demand, the search for new reservoirs has increased in the last
ears. In Brazil, the discovery of new petroleum deposits under the
eahas opened several newopportunities, but it alsohasdemanded
he development of new technologies for the exploration, process-
ng and control of the petroleum, along with its derivatives and the
astes generated from this activity.
One of the main problems associated with the exploration of
etroleum found under the seawater is how to deal with the water
xtracted with the oil. Because of the location of the deposits,
arge amounts of water are extracted in the drilling process. More-
ver, secondary recovery of the petroleum is usually performed by
umping seawater into the wells in order to increase the internal
ressure and make possible the recovery of additional quantities
f oil. Obviously, the water injected into the wells is removed with
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petroleum. This water is named produced water and has a very
complex composition [1].
Produced waters can have a wide range of chemical substances
such as chemicals added during oil recovery (methanol, glycol,
poly-electrolytes, etc.), organic salts, aliphatic and aromatic hydro-
carbons, heavy metals and, occasionally, radioactive materials
usually called NORM (Normally Occurred Radioactive Materials).
A remarkable characteristic of the produced waters extracted in
offshore operations is the high salinity [2–4]. During drilling oper-
ations the amount of water extracted, in offshore platforms, is
much larger than the amount of oil. The volume of produced water
extracted can vary from 2000 to 40,000m3/day, depending on the
dimensions of the reservoir, geological characteristics of the region
and the capacity of the exploration unity [4,5]. As mentioned pre-
viously, this high amount of water is a great problem because it
cannot be directly poured back into the sea and must be character-
ized and treated before discharging [6,7].
The determination of metals in produced waters from
petroleumexploration isnot a simple taskbecauseof thehigh salin-
Open access under the Elsevier OA license.ity of the samples and the very low concentration of the metals,
characteristics that make difﬁcult the direct application of current
techniques employed for the trace level determination of metals
such as Inductively Coupled Plasma Mass Spectrometry (ICP-MS),
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Table 1
Temperature program used in the coating procedure of the graphite tube with Ir
and Ir–W.
Step Temperature (◦C) Ramp (s) Hold (s) Ar ﬂow rate
(mLmin−1)
1 90 5 30 200
2 140 5 30 200
3 1000 10 10 200
4 2000 0 5 0
5 50 0 10 200
Table 2
Temperature program used in the determination of Mn in produced waters by ET
AAS.
Step Temperature (◦C) Ramp (s) Hold (s) Ar ﬂow rate
(mLmin−1)
Drying 80–140 40 10 300
Pyrolysis a 0 15 300
Atomization a 0 5 016 R.J. Cassella et al. / T
nductively Coupled Plasma Optical Emission Spectrometry (ICP
ES) or Electrothermal Atomic Absorption Spectrometry (ET AAS).
The ET AAS can be considered one of the most important analyt-
cal techniques used for trace metal determination in saline water
amples [8–12]. The use of different chemical modiﬁers is, in gen-
ral, mandatory because of the deleterious effect of the NaCl on
he absorbance signals of great number of metals in the ET AAS
echnique. The use of permanent chemical modiﬁers for the direct
etermination of several analytes in different matrices by ET AAS
as increased in the last decade [13]. They present some interest-
ng advantage over the conventional chemical modiﬁers such as
he lower blank values, lower time spent in the sample injection,
onger signal term stability and remarkable increase of the graphite
ube lifetime [13–18]. However, there are no papers describing the
se of permanent modiﬁers for the direct determination of metals
n saline water samples.
The determination of metals in produced waters by ET AAS is
ot a common subject found in the current literature. Trefry et al.
19] studied the bioaccumulation of heavy metals in some aquatic
rganisms due to the discharge of produced waters in the Gulf of
exico. Several metals were determined in 37 samples by ET AAS.
evertheless, no information regarding the method development
r performance is given in the paper. Our research group has also
eveloped methods for the analysis of different metals in produced
aters by ET AAS, employing different strategies [20–22].
This present work aims to develop a methodology to perform
irect determination of Mn in produced waters obtained from off-
hore petroleum exploration. The thermal stabilization of Mn in
he samples was achieved by using the Ir–W permanent modiﬁer
nd the method was successfully applied in the determination of
he analyte in three samples, with salinities that varied between 74
nd 84‰.
. Experimental
.1. Apparatus
A Varian (Mulgrave, Australia) electrothermal atomic absorp-
ion spectrometer, model Spectra AA240Z, equipped with a Varian
TA 120 graphite furnace unity and a Varian manganese hollow
athode lamp was used throughout the experimental work. The
pectrometer was coupled to a PSD 120 auto sampler also sup-
lied by Varian. Integrated absorbance measurements were made
y using Varian graphite tubes coated with pyrolytic graphite (Part
o. 63-100011-00) and the background correction was performed
ith a Zeeman-effect based corrector. Argon (99.99%, Linde Gases,
acaé, Brazil) was used as protective gas and the instrumental
perating conditions were: 5mA lamp current, 0.2nm slit width
nd 279.5nm wavelength.
The salinity was estimated by measuring the conductivity of the
amples (at 25 ◦C), comparing the results with a convenient stan-
ard. For this purpose, an Analyser 650 conductivity meter (São
aulo, Brazil) equipped with a two-band platinum electrode (cov-
redwith platinumblack)with 1 cmof cell constantwas employed.
.2. Reagents and solutions
Puriﬁed water obtained with a Direct-Q 3 Water System (Mil-
ipore, Milford, MA, USA) was employed during the experimental
ork. All reagents were of analytical grade and used without fur-her puriﬁcation.
Aqueous stock manganese solution of 1000gmL−1 was sup-
lied by Tedia (Fairﬁeld, OH, USA). Standard solutions were daily
repared by suitable dilution of the stock solution with water.Cleaning 2500 0 4 300
a Parameters under study.
Iridium and tungsten solutions used for the permanent modiﬁ-
cation of the graphite tubes were prepared by adequate dilution of
the 1000gmL−1 stock solutions (supplied by Merck, Darmstadt,
Germany) of each element with puriﬁed water.
2.3. General procedure
2.3.1. Permanent modiﬁcation of the graphite tube
Two distinct approaches for permanent modiﬁcation of the
graphite tubes were tested in this present work: (i) permanent
modiﬁcation with a solution containing only iridium and (ii)
permanent modiﬁcation with a solution containing iridium and
tungsten. In both cases, the temperature program used for the tube
coating was the same employed previously by this research group
[20]. The coatingprocedure of the tubeswasperformedby injecting
40L of a 500gmL−1 Ir solution or, 40L of a solution contain-
ing 500gmL−1 of Ir and 500gmL−1 of W into the graphite tube.
So, the graphite tube was submitted to the temperature program
reported in Table 1. This procedure was repeated 25 times before
using each tube for analytical measurements.
2.3.2. Determination of manganese by ET AAS
For the measurement of Mn, 20L of sample or standard solu-
tion were inserted into the graphite tube permanently modiﬁed
with Ir–W. Afterwards, the temperature program was run and the
integrated absorbance was measured. Operational conditions used
were those suggested by the manufacturer, except otherwise men-
tioned. The temperature program used is listed in Table 2.
2.4. Sample collection and storage
The samples of produced waters were supplied by Petro-
bras. According to Petrobras, the samples were previously treated
in order to eliminate the high content of oil mixed with the
water. Afterwards, the samples were collected in decontaminated
polyethylene ﬂasks, acidiﬁed with concentrated nitric acid to pH
1.8–2.0 and maintained in the refrigerator at 4 ◦C.
3. Results and discussion3.1. Evaluation of Mn thermal behavior
Manganesedetermination in saline samples is classically carried
out in the presence of chemical modiﬁers, which are used to keep
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Fig. 1. Pyrolysis curves for manganese in puriﬁed water. [Mn] =5g L−1.
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n stable during pyrolysis or to enhance the volatility of the NaCl
atrix and therefore, improving the background reduction dur-
ng atomization [23–26]. Although the permanent modiﬁcation of
raphite tubes was already used to determine Mn in different kind
f samples [27,28], this approach has not been applied inMn deter-
ination in saline waters such as produced waters or seawater.
herefore, as mentioned before, this present work aims the devel-
pment of a methodology for direct Mn determination in saline
aters derived from petroleum exploration.
The ﬁrst step of this work was to verify (and compare) the ther-
al behavior of the Mn by constructing pyrolysis curves in pure
ater and in saline solution (0.8mol L−1 NaCl), in the presence and
bsence of the modiﬁers under investigation. For the saline solu-
ions, thebehavior of thebackground signalwas also evaluated. The
esults obtained in such experiments are shown in Figs. 1 and 2
or pure water and saline solution, respectively. Fig. 3 shows the
esult for the background in saline solution. Solutions with Mn
oncentration of 5g L−1 were employed in all experiments.
As it can be seen in Fig. 1, there was a remarkable difference
n the Mn behavior in the presence and absence of the perma-
entmodiﬁers testedwhen theMn standard solutionwas prepared
ith pure water. When the modiﬁer was not used, the analyti-
al signals (as integrated absorbance) were systematically lower
han those signals obtained when the graphite tubes were treatedFig. 3. Background signals obtained in the pyrolysis curve for manganese in
0.8mol L−1 NaCl medium. [Mn] =5g L−1.
with Ir or Ir–W permanent modiﬁers. Such signals were approxi-
mately 15–20% lower, evidencing that a small fraction of the Mn
is volatilized during the pyrolysis, even at temperatures as low
as 300 ◦C. Also, this fact demonstrates that the use of modiﬁers is
really necessary for the Mn determination without losing sensitiv-
ity, especially if the complexity of samples like produced waters is
taking into account.
When the Ir and Ir–W permanent modiﬁers are compared, it
is possible to realize that there was no difference in terms of efﬁ-
ciency in the range of 300–1100 ◦C. The signals generated in both
cases were very similar in terms of magnitude and proﬁle. Never-
theless, in pyrolysis temperatures higher than 1100 ◦C, the use of
the Ir permanent modiﬁer showed to be more adequate because
a noticeable decrease in the sensitivity was noted when the Ir–W
permanent modiﬁer was employed. Using the Ir permanent mod-
iﬁer, the signal only decreased when a pyrolysis temperature of
1300 ◦C was set.
Although the preliminary results in pure water indicated that
Ir permanent modiﬁer would be the best choice for the system,
the data obtained for the Mn in saline solution presented different
behavior. Fig. 2 shows for the 0.8mol L−1 NaCl solution (approxi-
mately 47‰ salinity), that the Mn signal practically disappeared in
the absence of the modiﬁers. This result evidenced that the pres-
ence of chloride made the Mn less thermally stable, leading to its
volatilization from solution even in temperatures as low as 300 ◦C.
As expected, the Ir and Ir–Wpermanentmodiﬁers increased the
thermal stability of Mn during the pyrolysis in the saline medium.
However, in opposition to the data observed in pure water, Ir–W
permanent modiﬁer was more effective in the stabilization of Mn,
allowing that the pyrolysis temperature could be elevated up to
1100 ◦C. It is important to remark that signals obtained with the
Ir–W permanent modiﬁer in the saline medium were only approx-
imately 20% lower than those observed in pure water (at 1100 ◦C
pyrolysis), showing that this permanent modiﬁer was really efﬁ-
cient tominimize theMnvolatilization in the chloride form. Similar
phenomenon occurredwhen Pbwas directly determined by ETAAS
in produced waters [20], using the same modiﬁer.
Fig. 3 shows the variation of the background signal with the
variation of pyrolysis temperature for the Mn standard solution
prepared in the saline medium. From the data, it is possible to
realize that high background signals are generated by NaCl, prob-
ably due to unspeciﬁc molecular absorption at the wavelength
employed for Mn determination, which was 279.6nm. Also, the
obtained results demonstrated that the background signal due
418 R.J. Cassella et al. / Talanta
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o NaCl can be reduced by increasing the pyrolysis temperature.
he comparison between the modiﬁcation strategies under evalu-
tion showed that the most efﬁcient and fast elimination of the
ackground due to NaCl was obtained when the Ir–W perma-
ent modiﬁer was used. In this case, the background signal was
educed to almost zero at the pyrolysis temperature of 900 ◦C.
n the case of the Ir permanent modiﬁer, the background signal
rst increased and then decreased to values close to zero, also at
00 ◦C, but with analytical signal lower than that obtained with
he Ir–W permanent modiﬁer. So, the Ir–W permanent modiﬁer
as chosen as permanent modiﬁer for the proposed methodol-
gy and the temperature of 1000 ◦C was set as the best pyrolysis
emperature.
With the pyrolysis conditions optimized, an atomization curve
as built up in order to attain the best atomization temper-
ture for the method. Again, in this experiment, Mn solutions
repared in pure water and in saline solution (0.8mol L−1 NaCl)
ere tested. The best signals were observed at the atomization
emperature of 2300 ◦C, which was used in all further experi-
ents. It was also possible to realize that the presence of NaCl
aused matrix interference. Analytical signals were approximately
0% lower when the Mn saline solutions were injected into the
raphite tube modiﬁed with Ir–W (at the atomization temperature
f 2300 ◦C).
.2. Effect of the salinity
In order to evaluate the effect of the salinity on the sensitivity
f the methodology, an experiment was performed by measuring
heMnsignal in standard solutionsprepared indifferent concentra-
ions of NaCl. In this experiment, the Ir–Wpermanentmodiﬁerwas
mployed and theNaCl concentration varied from0 (purewater) to
.5mol L−1 (approximately 88‰ salinity). The results obtained in
his experiment are shown in Fig. 4. For NaCl concentrations lower
han 0.25mol L−1, the effect of NaCl can be considered negligible,
ince the signal decreased less than 5%. However, in NaCl concen-
rations higher than 0.25mol L−1, the absorbance signal decreased
ore, evidencing that the saline matrix caused interference on the
n measurement..3. Evaluation of the calibration strategy
After optimizing the operational parameters, the developed
ethodology was employed in the determination of Mn in three85 (2011) 415–419
samples of produced waters with different salinities (74–84‰).
Duringapplication, adetailed studyabout suitable calibration strat-
egy was carried out through the standard addition and external
calibration methods for the Mn quantiﬁcation in the samples. It
is important to remark that all samples were diluted four times
with puriﬁed water before the application of the quantiﬁcation
strategies because of the high concentration of Mn in the samples.
The ﬁrst quantiﬁcation strategy tested for the Mn determina-
tion in the samples was the application of external calibration. For
this test, the analytical curve was built up using standard solu-
tions ofMn(II) prepared in a 0.40mol L−1 NaCl (approximately 23‰
salinity) medium, which is a salinity very close to the salinities of
the solutions measured (original salinity of the samples divided by
4, the dilution factor). As it can be seen in Table 3, the analytical
curve prepared in the NaCl medium presented a slope very dif-
ferent from the slope of the analytical curve prepared in water,
evidencing, as expected, that the presence of NaCl in a concentra-
tion higher than 0.25mol L−1 reduces the sensitivity for the Mn
determination by ET AAS, even when a Ir–W permanent modiﬁer
is used. Additionally, in order to test if the matrix matching pro-
cedure was efﬁcient to calibrate the system, a recovery test was
performed by spiking the samples with 2.5g L−1 of Mn and cal-
culating the recoveries using the analytical curve in NaCl medium.
Recovery percentages between 89 and 96% were obtained by using
analytical curves prepared in the same media of the samples. This
fact indicated that the matrix interferences due to salinity can be
reduced by matching the salinity of the standard solutions used
in the calibration with the salinity of the samples. Also, it can
be concluded that no other matrix interference than salinity was
present.
Also, the determination of Mn in the samples using the stan-
dard addition method was performed. Table 3 also shows the Mn
concentrations obtained by using this approach and the equations
of all standard addition curves. The Mn concentrations in the sam-
ples obtained by standard addition were similar (at 95% conﬁdence
level, Student’s t-test) to the concentrations obtained when the
external calibration approach was used, reinforcing the idea raised
previously that the preparation of Mn standard solutions with the
same salinity of samples is enough to overcome the matrix inter-
ference. Therefore, two important conclusions could be drawn: (i)
samples can be analyzed by the standard addition method, inde-
pendently of their salinities and (ii) previous evaluation of the
sample salinity is requiredwhen the determination ofMn is carried
out by the external calibration approach, in order to make possi-
ble to prepare standard solutions in the same medium to minimize
possible matrix effects.
3.4. Analytical features of the methodology
After performing all studies, it was veriﬁed that the direct Mn
determination in produced waters from petroleum exploration by
ET AAS can be carried out employing graphite tube permanently
modiﬁed with Ir–W. Using this modiﬁcation approach, an atomiza-
tion temperature of 2300 ◦C and a pyrolysis temperature of 1000 ◦C
were set. In such conditions, analytical curves were built up in
both puriﬁed water and saline solution (0.8mol L−1 NaCl) to derive
the general equations and the detection limits of the methodol-
ogy. Such equations are shown in Table 3. The limits of detection
(3 criterion) and quantiﬁcation (10 criterion), estimated from
ten measurement of the 2.5g L−1 Mn standard solution were
0.24 and 0.80g L−1, respectively, for puriﬁed water and, 0.34 and
1.1g L−1, respectively, for 0.4mol L−1 NaCl medium. The charac-
teristic masses, derived from these same analytical curves were
1.2pg (water) and 1.4pg (0.4mol L−1 NaCl). The R.S.D., calculated
after 10measurements of the 2.5g L−1 Mn solutionswere 3.1% for
puriﬁed water and 4.4% for 0.4mol L−1 NaCl medium.
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Table 3
Results (mean± standard deviation for n=3) obtained in the analysis of real samples of produced waters by external calibration and standard addition methods.
[Mn] =manganese concentration in g L−1.
Method Media Equation Mn found (g L−1)b
Analytical curve
(2.5–10g L−1)
Puriﬁed water A=0.072[Mn] +0.007; r=0.995
0.40mol L−1 NaCl A=0.061[Mn] +0.005; r=0.999
S1 (82‰)a 35.0±1.7
S1+2.5g L−1 92%c
S2 (84‰)a 19.4±0.8
S2+2.5g L−1 89%c
S3 (74‰)a 21.7±0.9
S3+2.5g L−1 96%c
Standard addition
(2.0–6.0g L−1)
S1 (82‰)a A=0.061[Mn] +0.502; r=0.996 33.4±1.1
S2 (84‰)a A=0.062[Mn] +0.299; r=0.999 19.2±0.7
S3 (74‰)a A=0.059[Mn] +0.331; r=0.994 20.7±0.9
a S1, S2 and S3 are the produced water samples with their respective original salinities between parentheses. It is important to remember that the solutions measured in
t ion.
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. Conclusion
The results obtained in this present work showed that is possi-
le to perform the direct determination of manganese in the highly
aline produced waters obtained from petroleum exploration by
mploying the Electrothermal Atomic Absorption Spectrometry
echnique. In this case, the use of a convenient modiﬁcation strat-
gy is mandatory, once very low analytical signal was observed
hen the manganese was measured in the presence of high con-
entrations of NaCl. The utilization of the Ir–Wpermanentmodiﬁer
ffordedbetterperformanceandallowed theuseof apyrolysis tem-
erature of 1000 ◦C, which was enough to reduce drastically the
ackground. Even using this pyrolysis temperature, the sensitiv-
ty of the method decays when NaCl is present in concentrations
igher than 0.25mol L−1.
Another important condition to be observed is the calibration
trategy. It was observed that the determination can be carried out
mploying external calibration with Mn standard solutions pre-
ared in the same media (in terms of salinity) of the samples. Also,
he use of the standard addition method showed to be efﬁcient
or the quantiﬁcation. In this context, it is possible to conclude that
hemeasurement of the salinity of the samples is an important step
hen the Mn determination in produced waters is carried out by
T AAS.
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